Although controlled polymerization procedures for conjugated polymers have considerable advantages with respect to molar mass and end group control, the material scope has been very limited, in particular considering block copolymers and donor-acceptor type all-conjugated polymers, imposing considerable challenges upon the synthetic polymer community. In this 2 work, a push-pull monomer consisting of a thiophene (donor) and a pyridine (acceptor) unit is synthesized and subsequently polymerized via Kumada catalyst-transfer polymerization using a nickel catalyst (GRIM polymerization). In this way, an alternating donor-acceptor copolymer is obtained via a chain-growth mechanism. Furthermore, an all-conjugated block copolymer containing a poly(3-hexylthiophene) block and the alternating copolymer is successfully prepared in a one-pot procedure as well. The diblock structure is confirmed by comparison of the thermal, electrochemical and spectroscopic properties of the block copolymer and its constituting polymer parts.
Introduction
Since the discovery that polyacetylene shows high conductivities after doping with halides, 1 the development of conjugated polymers has risen rapidly. Throughout the years, different classes were synthesized and investigated in several organic electronic applications, such as lightemitting diodes, transistors, photovoltaics, (bio)sensors, … . 2 One of the most studied conjugated polymers is poly(3-hexylthiophene) (P3HT), which played an important role as workhorse material to gain fundamental insights into the working principles of organic photovoltaics (OPV's). 3, 4 Power conversion efficiencies up to 5% have been obtained when applying P3HT as mechanism of these reactions is based on the formation of a new carbon-carbon bond through cross-coupling of an organohalide and an organometallic compound with the aid of a transition metal catalyst. The catalytic cycle involves three main steps, i.e. oxidative addition, transmetalation and reductive elimination. The polymerizations follow a step-growth mechanism and high molar mass polymers can only be obtained at high conversions after long reaction times. As a result, rather poor control over the polymer molar mass, dispersity and end groups is achieved, often affording ill-defined materials. On the other hand, controlled chain-growth transition metal catalyzed polycondensations allow precise control over the above-mentioned polymer characteristics and high molar mass polymers can already be obtained at low conversions. On top of that, they enable the synthesis of fully conjugated block copolymers and other advanced macromolecular structures via one-pot polymerizations. Such materials can give rise to interesting morphological structures and enhanced light absorption, beneficial for their use in for example polymer solar cells. [11] [12] [13] [14] [15] [16] [17] [18] In 2004, Yokozawa et al. and McCullough et al. found that the nickel-catalyzed Kumada polymerization of 2-bromo-5-chloromagnesio-3-hexylthiophene, obtained after the Grignard metathesis (GRIM) reaction of 2-bromo-3-hexyl-5-iodothiophene with an alkylmagnesium chloride reagent, followed such a controlled chain-growth mechanism. 19, 20 This chain-growth mechanism results from the fact that the Ni(0) species eliminated after the reductive elimination remains associated to the growing polymer chain, whereafter it is transferred to the next C-Br bond in the same polymer chain to undergo a new oxidative addition step. 21 Since 2004, a lot of research has been done on this type of polymerization, 15, [22] [23] [24] [25] [26] [27] [28] [29] [30] generally referred to as Kumada catalyst-transfer polymerization (KCTP), but up until now there are only two examples known wherein one has been able to synthesize an alternating copolymer in a controlled way by performing a GRIM polymerization. 18, 31 In these particular cases, a polymer consisting of two donor-type (electron rich) components was obtained. It would obviously be very interesting to extend this approach to the synthesis of low bandgap D-A alternating copolymers as this opens the door to a wide range of applications. Since both polythiophenes and polypyridines have already been synthesized in a controlled way via GRIM, we chose to create a push-pull monomer consisting of a thiophene (D) and a pyridine (A) unit. 19, 20, 24, 32 In this work, the polymer synthesis and characterization will be discussed, as well as the tests performed to analyze the controlled character of the polymerization. Furthermore, the synthesis and characterization of an allconjugated block copolymer, containing the alternating copolymer structure, will be elucidated.
Results and discussion

Monomer synthesis
To obtain a conjugated D-A alternating copolymer via GRIM polymerization, we opted for a precursor monomer consisting of a pyridine unit as electron deficient building block and a thiophene unit as the electron rich part. For the synthesis of the thiophene component, a Kumada coupling between 3-bromothiophene and hexylmagnesium bromide was performed, followed by bromination at the 2-position, which resulted in 2-bromo-3-hexylthiophene (1) (Scheme 1). The pyridine unit on the other hand was synthesized by selectively exchanging the bromine at the 5-position of 2,5-dibromopyridine with iodine, affording 2-bromo-5-iodopyridine (2). Afterwards, the pyridine unit was coupled onto the thiophene through a Negishi coupling, whereby 2-bromo-5-(3'-hexylthiophen-2'-yl)pyridine (3) was obtained. The 'para' coupling pattern is important to make sure that the final polymer is fully conjugated. In a last step, compound 3 was iodinated at the 5-position of the thiophene unit to end up with 2-bromo-5-(3'-hexyl-5'-iodothiophen-2'-yl)pyridine (4) as the precursor monomer.
Scheme 1. Precursor monomer synthesis.
Once the precursor monomer 4 was obtained, the active monomer M1 could be formed via a GRIM reaction (Scheme 2). This was done prior to the polymerization by adding 1. Test 9 ). Again, a molar mass of ~20 000 g/mol was obtained after 1 minute, which did not increase substantially afterwards ( Figure S8 , Supporting Information).
From all of these polymerization tests, it can be concluded that the polymerization does not proceed in a controlled way, since the polymer chains do not continue to grow any further once a
Mn of ~20 000 g/mol is achieved, although there is still monomer present in the polymerization mixture. This observation motivated further analysis to obtain more insights in the polymerization mechanism. To this extent, new polymerization tests were performed whereby each time the Since these termination reactions have a strong influence on the polymerization characteristics of P(3HT-alt-P), it would be interesting to reveal which type of termination reaction is dominant. In case of KCTP polymerization, the association of the catalyst to the growing polymer chain after reductive elimination is essential to obtain the controlled chain-growth character. This means that there are two types of termination reactions possible, i.e.
disproportionation and dissociation (Scheme 3).
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Scheme 3. Catalytic cycle of a GRIM polymerization with its possible termination reactions. 30 When disproportionation is the dominant termination reaction, it goes in competition with the transmetalation step, which results into a degree of polymerization (Xn) that is defined by the ratio of the rate of transmetalation (RTM) and the rate of disproportionation (Rdisp). If, however, dissociation is the dominant termination reaction, Xn is determined by the ratio of the rate of oxidative addition (ROA) and the rate of dissociation (Rdiss). This results into the following equations:
-If disproportionation is dominant: termination reaction in our non-controlled chain-growth polymerization of P(3HT-alt-P). These results are in agreement with previous findings that difficulties arise in the KCTP polymerizations of n-type monomers due to the fact that they have a weaker π-donor ability to stabilize the polymer-nickel complex after reductive elimination, leading to shorter lifetimes of the growing polymer chains. 34 This could explain why no polymer is formed at all when the concentrations are too low (Table 1 , Test 8), because in this case it takes too long to find another monomer unit in the vicinity to react with, causing the Ni catalyst to dissociate from the growing entity.
Another way to obtain more insights into the polymerization mechanism is to investigate the end groups of the polymer chains by performing MALDI-TOF (matrix-assisted laser desorption ionization -time of flight) mass spectrometry measurements. From literature, it is known that only polymer chains with Br/H end groups are formed in case of a controlled chain-growth mechanism. 35 When termination reactions occur, however, also polymer chains with Br/Br or H/H end groups are formed. 36 In our case, dissociation seems to be the dominant termination reaction, which results in polymer chains with Br/Br end groups. The MALDI-TOF spectrum of P(3HT-alt-P) ( Table 1 , Test 9) is displayed in Figure S9 (Supporting Information). It is clear that there are two main distributions present. The smaller signals correspond to polymer chains with Br/H end groups, whereas the most intense signals can be attributed to polymer chains with Br/Br end groups. These observations confirm the non-controlled chain-growth character of the GRIM polymerization of P(3HT-alt-P), due to dissociation of the nickel catalyst.
Block copolymer synthesis
For the synthesis of the block copolymer we decided to start with an in situ formed P3HT block that is used as macro-initiator for the polymerization of P(3HT-alt-P) as the second block A first test performed to check whether a block copolymer was indeed formed, was the analysis of both P3HT and P3HT-b-P(3HT-alt-P) by GPC. The resulting GPC profiles clearly show a shift to higher Mn values, while maintaining a unimodal curve (Figure 2 ). The P3HT
homopolymer was characterized by a Mn value of 23 000 g/mol and a PDI of 1.15, while the P3HT-b-P(3HT-alt-P) block copolymer showed a Mn value of 41 000 g/mol and a PDI of 1.37.
These Mn values correspond reasonably well to what was expected. By using 0.65 mol% of Ni(dppp)Cl2, a Mn value of ~25 000 g/mol (~150 monomer units of 166 g/mol) was foreseen for P3HT. This value was targeted since we aimed at a doubling of the molar mass for the block copolymer and it was already established that the P(3HT-alt-P) polymer chains always grew till a length of ~20 000 g/mol. The fact that a unimodal curve was obtained for the block copolymer indicates that the 'living'
P3HT polymer chains grew further to end up with P3HT-b-P(3HT-alt-P) chains. This could be confirmed by studying both materials via 1 H NMR spectroscopy. First, the α-CH2 region of the hexyl side chains of the P3HT homopolymer was analyzed (Figure 3a) . Three different triplets were distinguished, whereof the biggest signal (a) at 2.80 ppm could be ascribed to the α-CH2
protons of the internal P3HT units, whereas the two smaller signals correspond to the α-CH2
protons of the two external thiophene units with a hydrogen end group (signal b at 2.62 ppm) and a bromine end group (signal c at 2.58 ppm), according to McCullough et al. 37 Then, an overlay of the 1 H NMR spectra of the α-CH2 regions of P3HT and P3HT-b-P(3HT-alt-P) was studied ( Figure 3b ). From this overlay, it is clear that signal b of P3HT disappeared (or at least largely reduced), suggesting that (most of) the P3HT polymer chains reacted further to give the block copolymer. Besides this, another signal (d at 2.75 ppm) appeared in the spectrum of the P3HT-b-P(3HT-alt-P) copolymer, which could be ascribed to the α-CH2 protons of the hexyl side chains of the second block. As we cannot exclude from the NMR analysis that minor amounts of non-chain-extended
P3HT are still present in the block copolymer sample, as might be inferred from the tailing at the low molar mass side of the GPC profile (Figure 2 ), preparative GPC was used to remove the low-molar mass part. The two separate fractions obtained were then analyzed by GPC and 1 H NMR spectroscopy, from which it can be concluded that ~3−4% of P3HT is present in the block copolymer ( Figure S10 -12, Supporting Information).
Also the other order of monomer addition was investigated (starting from P(3HT-alt-P)), but in this case no block copolymer was formed. This is not surprising since it was already established that the growing P(3HT-alt-P) polymer chains are terminated once they have reached a Mn value of ~20 000 g/mol after just a few minutes. This observation, together with the successful block copolymerization starting from a P3HT block, further strengthens our hypothesis that the P(3HT-alt-P) copolymer is formed via a non-controlled chain-growth polymerization. 
Thermal, electrochemical and optical characterization
First of all, the thermal properties of the synthesized materials were analyzed by performing rapid heat-cool calorimetry (RHC) measurements on the P(3HT-alt-P) copolymer, the P3HT
homopolymer and the P3HT-b-P(3HT-alt-P) copolymer. Also a blend of P3HT and P(3HT-alt-P) was made for comparison and characterized in the same way. This blend was created by mixing 40% of P(3HT-alt-P) with 60% of P3HT, approaching the constitution of the block copolymer (based on integration of the 1 H NMR spectrum of P3HT-b-P(3HT-alt-P)). RHC was chosen above regular differential scanning calorimetry (DSC) because of its increased sensitivity to thermal transitions as a result of the fast scanning rates and the low sample amounts required. 38 The results of the RHC measurements are shown in Figure 4 . The P3HT
homopolymer shows a melting peak around 228 °C, with a melting enthalpy of 24.4 J/g, as expected for this molar mass range. 39 No clear glass transition temperature of P3HT can be detected. The P(3HT-alt-P) copolymer, on the other hand, shows no melting at all and a clear glass transition temperature (Tg) around 122 °C (see also Figure S13 , Supporting Information),
suggesting that the alternating copolymer is completely amorphous. The incorporation of the pyridine moieties apparently impedes efficient packing of the polymer chains in a crystal lattice.
Some enthalpic relaxation can be observed on top of the glass transition due to the different heating and cooling rates applied. In the blend of P(3HT-alt-P) and P3HT, the melting peak of P3HT is slightly shifted to lower temperature (224 °C), suggesting that the P3HT crystals formed in the blend are a bit less stable. The melting enthalpy of the blend is 13.5 J/g, which corresponds to approximately 60% of the melting enthalpy of P3HT, in good agreement with the composition of the blend. The Tg of the blend is difficult to determine, but lower than the glass transition of P(3HT-alt-P) (likely around 112 °C or lower). The block copolymer shows both a (considerably broadened) melting peak with a maximum at 217 °C and an even lower and also broadened Tg around 70 °C (see also Figure S13 , Supporting Information). The melting enthalpy of the block amounts to only 8.5 J/g, definitely lower than 60% of the melting enthalpy of P3HT.
This lower melting enthalpy, together with the decreased melting temperature and the broad melting trajectory, points out that the P(3HT-alt-P) block hinders the crystallization of the P3HT block to a larger extent than in the blend, resulting in less perfect and less stable crystals.
The lower and broader Tg around 70 °C probably indicates the plasticizing (interphase) effect of the P3HT-rich domains on the P(3HT-alt-P)-rich domains in the microphase separated block copolymer. Thermogravimetric analysis (TGA) of the synthesized materials was performed as well. These measurements revealed that the main degradation starts around 350 °C for all polymers ( Figure S14 , Supporting Information). of P3HT, P(3HT-alt-P), P3HT-b-P(3HT-alt-P) and the physical blend of P3HT and P(3HT-alt-P) (curves shifted vertically for clarity).
The electrochemical properties of the synthesized materials, of relevance for their possible application in organic electronics, were investigated via cyclic voltammetry. The resulting Exo ↓ voltammograms are depicted in Figure 5 . From the overlay of the oxidation scans of all materials (Figure 5a ), it is clear that the oxidation characteristics of both P3HT and P(3HT-alt-P) are present in the oxidation profile of the block copolymer and the blend. The oxidation profile of the blend is almost an exact superposition of the voltammograms of the two individual polymer components, with two sharp and nicely separated P3HT oxidations and one peak of P(3HT-alt-P). In case of the block copolymer, the two oxidation peaks of P3HT are less sharp and not so well separated. The reduction characteristics of both constituting polymers are also observed in the reduction profiles of the block copolymer and blend (Figure 5b ). a)
The frontier orbital energy levels of all materials can be obtained from the above voltammograms by determining the onset potentials. The results are presented in Table 2 . The HOMO levels (derived from the oxidative onset potentials) of P3HT, the block copolymer and the blend are nearly the same, whereas the HOMO of the alternating copolymer lies significantly deeper. The LUMO levels (derived from the reductive onset potentials) of all pyridinecontaining polymers are similar, whereas P3HT shows a slightly higher LUMO. The largest electrochemical bandgap is observed for the alternating D-A copolymer. Table 2 . Electrochemical properties of P3HT, P(3HT-alt-P), P3HT-b-P(3HT-alt-P) and the physical blend of P3HT and P(3HT-alt-P) (60/40). To obtain insight into the optical properties of the synthesized materials and to further prove that indeed a block copolymer was formed, the synthesized polymer materials and the physical blend were also studied by UV-vis and fluorescence spectroscopy. The UV-vis absorption spectra of all materials in solution (CHCl3) are depicted in Figure 6 . It is clear that the wavelength at maximal absorbance (λmax) of the block copolymer (424 nm) lies in between those of P(3HT-alt-P) (413 nm) and P3HT (453 nm), whereby the absorbance profile of the block copolymer overlaps with those of the two constituting polymers, but lies more closely toward that of P(3HT-alt-P). The absorption spectrum of the blend is quite similar to that of the block copolymer, with the difference that a shoulder is observed in the P3HT region and λmax is slightly blue-shifted (422 nm). Figure 6 . UV-vis absorption spectra of P3HT, P(3HT-alt-P), P3HT-b-P(3HT-alt-P) and the physical blend of P3HT and P(3HT-alt-P).
Finally, the fluorescence properties of the polymers were investigated as well. A green-yellow fluorescence was observed for the P(3HT-alt-P) copolymer, while the P3HT homopolymer shows an orange fluorescence and the P3HT-b-P(3HT-alt-P) copolymer a yellow-orange fluorescence ( Figure S15 , Supporting Information). These visual observations were confirmed by the fluorescence spectra of the materials in CHCl3 solution, which are illustrated in Figure 7 .
From these spectra it can be determined that the P(3HT-alt-P) copolymer has an emission maximum at 483 nm, the P3HT homopolymer at 582 nm and the P3HT-b-P(3HT-alt-P) copolymer at 563 nm (Table 3) . In contrast to the absorption spectra, there is a clear difference between the fluorescence spectrum of the block copolymer and that of the blend. The fluorescence spectrum of the blend (λmax = 483 nm) is mainly determined by the fluorescence spectrum of the P(3HT-alt-P) copolymer, with only a small contribution from P3HT. On the other hand, the fluorescence spectrum of the block copolymer is much broader and definitely not just a superposition of the fluorescence spectra of the two polymer components. This again confirms the successful formation of an all-conjugated block copolymer, which could also visually be established by means of paper chromatography ( Figure S16 , Supporting Information).
Figure 7.
Fluorescence spectra of P3HT, P(3HT-alt-P), P3HT-b-P(3HT-alt-P) and the physical blend of P3HT and P(3HT-alt-P).
In addition to the fluorescence spectra, the quantum yields were determined as well (Table 3) .
A very high quantum yield of 89% was obtained for the P(3HT-alt-P) copolymer. For P3HT, a value of 43% was found, which corresponds to previous literature data. 40 The quantum yield of the block copolymer amounted to 62%, which lies nicely in between the values of the two polymer constituents. 
Conclusions
We have shown that an alternating donor-acceptor copolymer (P(3HT-alt-P)) can be synthesized via Kumada catalyst-transfer polymerization using a nickel catalyst (GRIM polymerization), thereby requiring no toxic tin compounds as is the case for Stille polymerizations. Through several polymerization tests, varying the monomer concentration and the amount of catalyst (separately), it was proven that the KCTP polymerization in this case follows a non-controlled chain-growth mechanism due to dissociation of the nickel catalyst. Nevertheless, rather narrow polydispersities and reasonable molar masses of ~20 000 g/mol could already be obtained after one minute. Moreover, a new all-conjugated block copolymer (P3HT-b-P(3HT-alt-P)) was also successfully formed in a one-pot GRIM procedure by using an in situ formed poly(3-hexylthiophene) (P3HT) block to initiate the polymerization of the donor-acceptor alternating copolymer as the second block. This was confirmed by GPC and 1 H NMR analysis.
The thermal, electrochemical and optical properties of the three polymers and a blend of P3HT
and P(3HT-alt-P) were investigated. From the thermal analysis it was clear that the presence of the P(3HT-alt-P) part in the block copolymer hinders the crystallization of the P3HT block.
With respect to the optical properties, a clear distinction could be made between the block copolymer and a physical blend of the two polymer components by comparing the fluorescence spectra and quantum yields. The fluorescence spectrum of the block copolymer is not just a superposition of the two polymer parts and definitely differs from the spectrum of the blend, further proving the successful synthesis of the block copolymer. The block copolymer showed a quantum yield of 62%, nicely in between the values for P3HT and P(3HT-alt-P) (43% and 89%, respectively).
The synthesized materials show promising characteristics to be used in organic electronics.
The deeper HOMO of the all-conjugated alternating copolymer is for instance an asset in polymer solar cells, as it allows to achieve higher open-circuit voltages. 41 On the other hand, the block copolymer is attractive toward the development of charge-selective interlayers for organic photovoltaics. 42 In this respect, it would be interesting to functionalize the side chains to enable the synthesis of conjugated polyelectrolytes. 43 The high fluorescence quantum yield for the alternating donor-acceptor copolymer renders this material an attractive candidate for sensor and/or bio-imaging applications (for instance in nanoparticle form). 44, 45 Efforts in this direction are currently ongoing, while other donor-acceptor combinations will be explored as well.
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